Prenatal obstruction of the lower urinary tract may result in megacystis, with subsequent development of hydroureter, hydronephrosis, and renal damage. Oligo-or anhydramnios, pulmonary hypoplasia, and prune belly syndrome are lethal consequences. Causes and mechanisms responsible for obstruction remain unclear but might be clarified by anatomic study at autopsy. To this end, we employed 2 methods of tomographic imagingoptical projection tomography and contrast-enhanced microCT scanning-to elucidate the anatomy of the intact urinary bladder and urethra in 10 male fetuses with lower urinary tract obstruction. Images were compared with those from 9 age-matched controls. Three-dimensional images, rotated and sectioned digitally in multiple planes, permitted thorough examination while preserving specimens for later study. Both external and internal features of the bladder and urethra were demonstrated; small structures (ie, urethral crest, verumontanum, prostatic utricle, ejaculatory ducts) were seen in detail. Types of obstruction consisted of urethral atresia (n 5 5), severe urethral stenosis (n 5 2), urethral diaphragm (n 5 2), or physical kinking (n 5 1); classic (Young type I) posterior urethral valves were not encountered. Traditional light microscopy was then used to verify tomographic findings. The prostate gland was hypoplastic or absent in all cases; in 1, prostatic tissue was displaced inferior to the verumontanum. Findings support previous views that dissection may produce valve-like artifacts (eg, bisection of an obstructing diaphragm) and that deformation of an otherwise normal urethra may result in megacystis. The designation ''posterior urethral valves'' should not be used as a generic expression of urethral obstruction unless actual valves are demonstrated.
INTRODUCTION
Lower urinary tract obstruction (LUTO) carries serious consequences for the developing fetus. In the condition, which affects males in the great majority of instances, urethral stenosis or atresia, posterior urethral valves, and other forms of bladder outlet obstruction result in megacystis, hydroureter, and hydronephrosis, with subsequent renal parenchymal damage and renal failure. The ensuing development of oligo-or anhydramnios leads to pulmonary hypoplasia and oligohydramnios sequence, often with severe arthrogryposis (Potter and Pena-Shokeir phenotypes). Pronounced megacystis, often with urinary ascites, is associated with hypoplasia, degeneration, or complete attenuation of abdominal muscles and manifests as prune belly syndrome. The constellation of anomalies is associated with severe morbidity and often perinatal or postnatal mortality.
Through careful imaging studies in the clinical setting (eg, voiding cystourethrography) or dissection at autopsy, several types of obstruction have been described and classified [1, 2] . The Young classification of posterior urethral valves, for example, consists of 3 categories: type I, posterior urethral valves that extend below (distal to) the verumontanum; type II, valves that extend above (proximal to) the verumontanum; and, type III, a transverse membrane or diaphragm that obstructs the urethral lumen. The classification has engendered debate but provides a framework that is useful for discussion and will be used in this study.
Anatomic distinctions carry some import. From a clinical point of view, treatment, when instituted, may depend upon the type of obstruction. Some of these types (posterior urethral valves and urethral stenosis or atresia) may recur in families [3, 4] . From a research perspective, etiology and pathogenesis remain obscure. It is unclear, for example, if the sequence of events described above is operational in every case or if more generalized mesodermal defects affect bladder, bladder outlet, and/ or abdominal wall musculature independently. Some do not believe that the Young type II valves exist in the clinical setting, while others hypothesize that the obstructing membrane (type III) may rupture prenatally or be damaged by autopsy examination or clinical treatment, resulting in the bivalved appearance of the other types [5] .
Unfortunately, the precise lesions responsible for bladder outlet obstruction can be challenging to diagnose, whether by clinical imaging or anatomic means.
Standard prenatal ultrasonography serves as a valuable screening tool for identifying dilated bladder and posterior urethra but does not allow visualization of actual valves [6] . Interpretation of postnatal imaging can be challenging as well [7, 8] . Postmortem dissection may produce artifacts, yielding an inaccurate diagnosis. Incising an obstructing urethral membrane (type III), for example, can produce the erroneous appearance of posterior urethral valves (type I or II). For this reason, some autopsy pathologists have suggested that the obstructed urethra be examined as intact as possible, by unroofing the anterior wall of the bladder and posterior urethra or by microscopic means [9, 10] . Histologic examination is time consuming and expensive, is limited to a single plane, and requires precise orientation of tissue and, in many instances, serial sectioning; it can be performed only once per specimen. In an effort to better understand the anatomy of the normal and obstructed urethra, we have employed 2 microtomographic techniques: optical projection tomography (OPT) and microCT scanning. The former is a modality that uses visible, infrared, and ultraviolet light options to image small, translucent specimens [11, 12] . The latter is a form of X-ray-based computed tomographic (CT) scanning employed in the study of small specimens composed of either soft tissue or bone [13] . For each, dedicated software is used to reconstruct tomographic images in 3 dimensions for additional study. In both methods, specimens remain intact during examination, can be visualized in detail as virtual 2dimensional slices in any plane or in 3 dimensions, and are available for subsequent light microscopy if desired. The results of examination by OPT or microCT are presented below for a series of control and affected male fetuses.
METHODS
In this study, a total of 9 control and 10 abnormal specimens were acquired at autopsy and examined in the following manner. Five control and 3 abnormal specimens consisting of intact lower urinary bladder and prostatic urethra were examined by OPT. They were fixed in formalin at the time of autopsy and subsequently embedded in low-melting point agarose gel, dehydrated in methyl alcohol, cleared with 1:2 benzyl alcohol:benzyl benzoate (BABB), and scanned under ultraviolet light (filter 475 nm) to capture autofluorescence (Table 1) . Four additional control and 7 abnormal specimens were fixed in formalin, immersed in phosphotungstic acid with hematoxylin (PTAH) for several days, rinsed, and examined by microCT scanning (Table 1) . Smaller, translucent specimens were imaged by OPT and larger, more opaque ones by microCT.
All bladders were imaged at the Seattle Children's Research Institute's Small Animal Tomographic Imaging Facility. For PTAH-stained bladders, imaging was performed using a model 1076 microCT (Skyscan, Kontich, Belgium). Scans were performed at 35 mm resolution using the following settings: 65 kV (,150 mA), 0.5 mm aluminum filter, 160 ms exposure with 3 frame averaging, and a rotation step of 0.7u. For the smaller specimens, imaging was performed based on tissue autofluorescence using a model 3001M OPT at a pixel resolution of 1024 3 1024 and digital zoom to between 5.6 and 9.3 m depending on the size of the bladder. In preparation for scanning, bladders were embedded in 1.1% low-melting point agarose, dehydrated in methanol, and cleared in BABB.
For both OPT and microCT scans, raw image data were reconstructed using NRecon (V 1.6) software (Skyscan); virtual sections were examined independently and also rendered for viewing as a 3-dimensional volume using Bioptonics Viewer v2 and Drishti v2.0 software (http://sf.anu.edu.au/Vislab/drishti).
After imaging, specimens were examined by light microscopy as a means of comparing and validating findings. The research was carried out with approval of the Seattle Children's Institutional Review Board.
RESULTS
By both OPT and microCT, the external and internal features of the urinary bladder and posterior urethra are readily visualized in single planes or via 3-dimensional rendered images ( Figs. 1-7) . The latter can be rotated at will and levels subtracted, effectively permitting ''virtual sectioning'' in any plane. Small structures, including the urethral crest, verumontanum, and its components (ie, prostatic utricle and ejaculatory ducts) can be seen in detail ( Figs. 1,4) .
In 2 cases, OPT revealed urethral atresia, and in 1, a type III obstructing diaphragm (Table 1) . Because the technique is light based, it carries some limitation with regard to specimen size and depth of field. In examining Figures 1-3 , it is apparent that only a portion of the specimen appears to be in focus. This is due to background noise (reduced autofluorescence secondary to tissue thickness), and so specimens need to be examined by varying the plane of imaging, in a manner akin to rocking the focus in light microscopy.
By microCT, severe urethral stenosis or atresia was identified in 4 cases; a tortuous, stenotic urethra was seen in 1 case; and a type III obstructing diaphragm was seen in 2 cases (Table 1 ). In 1 case of VACTERL association (a nonrandom grouping of vertebral, anal, cardiac, tracheo-esophageal, radial or renal, and limb anomalies), atypical urethral stenosis was associated with ectopic ureters, seminal vesicles, and rectovesical fistula. Depth of field was not an issue in this X-ray-based technique, because the stain provides sufficient contrast throughout the specimen.
The posterior urethra was significantly dilated by both ultrasonography (''keyhole sign'') and autopsy examination in cases of urethral atresia, type III obstructing diaphragm, and physiologic kinking ( Table 1) .
Subsequent light microscopy using serial sections confirmed the microtomographic diagnosis in 9 of 10 cases ( Table 2 ). In 1, a severely stenotic urethral lumen was seen by light microscopy but had appeared to be atretic by microtomography. Prostatic tissue was hypoplastic or absent in all cases; in 1, prostatic tissue was present significantly distal to the verumontanum ( Table 2) . The obstructing diaphragm observed in 2 cases was composed of a thin band of urothelial cells supported by underlying connective tissue (Fig. 5E ).
DISCUSSION
Optical projection tomography is a form of light-based, tomographic microscopy applicable to the study of small, translucent specimens (Table 3 ). During computer-driven scanning, tissues undergo 360u of rotation, with acquisition of digital images every 0.7u. The resulting images are then typically reconstructed using dedicated software into a 3-dimensional dataset that can be examined in any virtual plane of section, or as a 3-dimensional-rendered volume. Because OPT is nondestructive, specimens remain intact throughout imaging and are thus available for additional forms of examination, including light microscopy. Optical projection tomography is faster, is less expensive, and offers higher resolution than micro-MRI and can image larger specimens than confocal microscopy.
MicroCT is a form of computerized tomographic imaging designed for the radiographic examination of small specimens. MicroCT has certain advantages over OPT, chiefly that specimens can be of greater size and opacity (Table 3 ). Prior to scanning, soft tissues must be stained with a heavy metal to provide suitable differential contrast to the tissue.
Microtomography is a powerful tool for the study of small specimens. As such, it offers a fresh way to address questions of both clinical and research interest, perhaps especially those involving anatomically complex malformations of the cardiovascular, respiratory, genitourinary, biliary, or central nervous systems. In the present study, OPT and microCT provided vivid demonstrations of the external and internal features of the intact fetal and perinatal urinary bladder and posterior urethra, thus augmenting classic autopsy and facilitating postmortem diagnosis.
Severe urethral stenosis or atresia was diagnosed in 7 of 10 cases. An obstructive diaphragm (Young type III valve) was identified in 2 cases. A tortuous but otherwise nonobstructed posterior urethra in 1 case supports the opinion that isolated kinking can cause significant bladder outlet obstruction [10, 14] . In 1 atypical case, multiple anomalies of the urinary bladder, urethra, and rectum were identified in an infant with VACTERL association. These changes were difficult to demonstrate at autopsy but readily seen by microCT. Such anomalies have been reported previously in this condition [15, 16] .
This study supports others' opinion that anatomic diagnosis is most reliable when based upon examination of the intact urethra. If the urethras in our cases of obstructive diaphragm had been examined by traditional dissection, they would have been opened with scissors and the diaphragm bisected, yielding an incorrect diagnosis of separate, type I posterior urethral valves. In fact, no classic type I valves were encountered in this study. This was somewhat surprising, and the reason is unclear. Given our experience prior to microtomography, we would have expected to see instances of type I valves. Given the small number of cases, we cannot rule out sampling error. However, it also seems possible that some of the type I valves we have diagnosed in the past were created artifactually, at autopsy or clinically [5] . It is also possible that the type III obstructing diaphragm is more common than is realized [9] . Still another possibility, as others have suggested, is that the type III obstructing diaphragm may rupture spontaneously later in gestation, giving the appearance of type I or II valves. In our previous experience with type I valves, infants were more likely to be older than those reported in this study and so the possibility of rupture of obstructive diaphragms remains an intriguing hypothesis.
After examination by microtomography, specimens can be examined by traditional light microscopy. To reach definitive conclusions, this requires serial sectioning, a tedious and expensive prospect that involves precise orientation and cutting, followed by reorientation of anatomic relationships. Each of the 10 cases of obstruction in the present study required hundreds of histologic sections to depict the lesions completely and of course hours of time spent in preparation and examination of slides. In 9 of our 10 cases, light microscopy yielded diagnoses that were identical to those reached by OPT or microCT. In 1 case of urethral atresia (case 4) diagnosed by microCT, a subsequent finding of severe urethral stenosis was made by light microscopy. The residual lumen was tiny, with almost completely opposed mucosal surfaces, and not seen during microtomographic scanning. For purposes of validation, it is important to make this distinction. From a physiologic and perhaps pathogenetic standpoint, however, the importance of distinguishing severe urethral stenosis from urethral atresia is less clear.
In all cases, the prostate gland was hypoplastic or could not be identified despite serial sectioning. In 1 instance (case 3), prostatic tissue was present in sections of urethra taken distal to the verumontanum. The reason for this is not understood. It is possible that severe dilatation of the prostatic urethra occurs proximal to the level of the prostate gland or may result in inferior displacement of the gland. It is also possible that a more generalized developmental error results in displacement of the gland. The relationship of the prostate gland to urethral obstruction is one of continuing interest and requires further study.
The anatomic delineation of these lesions has ramifications for both clinical and pathology practice.
The prenatal ultrasonographic diagnosis of LUTO relies significantly upon visualizing a dilated urinary bladder and often a dilated, keyhole-shaped posterior urethra. In the present study, dilatation of the posterior urethra was [20] .) When scanned, the lumen of the bladder/proximal urethra and lumen of the more distal urethra did not lie in the same plane; this was overcome by manually defining separate planes for the tissue with the software, the joining of which resulted in the faint oblique line visible across the stenotic urethral lumen (asterisk). A color version of this figure is available online. Color and shadowing are computer-generated.
diagnosed both clinically and at autopsy in cases of urethral atresia, type III obstructing diaphragm, and urethral deformation. This observation affirms the conclusion of some ultrasonographers that the keyhole sign is not predictive of classic posterior urethral valves [17] . Unfortunately, the diagnosis of ''posterior urethral valves'' is sometimes made without positively identifying valve tissue. Type I posterior urethral valves cannot be differentiated from other forms of obstruction (eg, urethral diaphragm, atresia) by traditional ultrasonography, and diagnosis can be erroneous if based upon the observation of megacystis and echoic kidneys alone [14, [17] [18] [19] . We recommend that clinical diagnosis in this context be expressed in more generic terms (eg, ''bladder outlet obstruction,'' ''LUTO''), recognizing that the resolving power of current ultrasonography is insufficient to permit a more precise anatomical diagnosis. This shortcoming may change as technology evolves.
This approach will presumably have consequences for epidemiologic understanding as well. Estimates of the incidence of particular types of posterior urethral valves vary substantially and have been hampered by the reliability of diagnosis. The recent literature, for example, contains numerous clinical reports of posterior urethral Tortuous, stenotic posterior urethra without keyhole dilatation valves, often indicating that type I valves are the most common variant. This may be inaccurate when diagnoses are based upon prenatal ultrasonographic identification of a dilated bladder and posterior urethra without subsequent anatomic confirmation of valves. These issues will be clarified by the careful workup of additional cases. Newer forms of ultrasonography may provide higher resolution [21] while pathologists continue to exercise great care in postmortem workups. The anatomic delineation of bladder outlet obstruction should further the understanding of pathogenesis and etiology. This, in turn, may influence in utero therapy, aid in counseling families, and contribute to the ultimate prevention of this serious anomaly.
